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doi:10.1016/j.jtcvs.2004.01.039TObjective: This article describes the application of a novel aortic tube technique for
directly revascularized tracheobronchial transplantation with dual blood supply in
pigs.
Methods: Eleven adult Large White pigs underwent heterotopic tracheal transplan-
tation with a dual revascularization technique (inferior thyroid artery and bronchial
artery). Seven tracheobronchial grafts were perfused ex vivo, and hemodynamic
data were collected.
Results: At the last evaluation, 6 pigs had normally epithelialized mucus-producing
allografts with correct morphologic conformation and cartilage viability. The his-
topathologic examination revealed homogeneous tissue regardless of biopsy site
(trachea, carina, or bronchi), demonstrating the efficacy of the revascularization
procedure. Four animals had early ischemic necrosis develop, 2 from acute rejection
and 2 from technical mishap. One additional pig had acute rejection starting on the
14th postoperative day. The CD4/CD8 ratio was maintained close to or above 0.8
in the subgroup with rejection and below 0.6 in the animals that were correctly
immunosuppressed. Pressure-flow curves in 7 ex vivo tracheobronchial grafts
showed a nonsignificant difference (P  .12) in vascular resistance between the
bronchial artery territory (lower resistance) and the inferior thyroid artery territory.
Conclusions: For the first time, a transplantation technique encompassing the entire
trachea, carina, and stem bronchi has been made possible. By means of the dual
inferior thyroid and bronchial artery axis, we were able to obtain a structurally
healthy and functional graft to replace the main airway.
Directly revascularized tracheal and tracheobronchial transplanta-tion may be useful in patients in whom native airway tissue is notamenable for primary reconstruction.1-4 Most importantly, in atime of great achievements in thoracic transplantation it is impor-tant to think about the trachea as an organ to be transplanted,rather than as a simple conduit to be replaced.
Recent efforts with cryopreserved tracheal allografts with indirect blood supply,5
with autografts,6 and with tissue-engineered cartilage7 present a major shortcoming:
the compromised viability of long grafts (4-5 cm). The time required for omen-
topexy wrapping revascularization (major ischemia in the first 3-7 posttransplanta-
tion days)8,9 and correct allograft re-epithelialization (about 50 days in 5- to 7-ring
10allografts) invariably leads to malacia or necrosis in long allografts.
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struction should not be attempted in human beings unless a
method for immediate revascularization of allografts can be
devised. Our group has previously demonstrated the feasi-
bility of heterotopic pig allografts measuring as much as
63% (9.7 cm) of the tracheal length.12 Because the trachea
has a proximal vascular pedicle that is hard to set apart from
other structures and is not manageable by microsurgical
anastomosis, we developed two strategies for revasculariza-
tion: (1) interposition of donor right subclavian artery into
recipient cervical arterial system, allowing supply of blood
to the graft by branches of the inferior thyroid artery, and (2)
adequate venous drainage through the superior vena cava
effluent to avoid venous infarction and subsequent arterial
thrombosis.
On the basis of those initial studies, and taking into
consideration the rich anastomotic network running along
the tracheal axis,13 we set out to develop a method to
quickly revascularize the entire trachea, including the carina
and stem bronchi. The question we asked was whether the
inferior thyroid axis was sufficient to vascularize the afore-
mentioned portions. The need to add the bronchial artery to
supply the lower trachea, carina, and stem bronchi seemed
inescapable, because in preliminary experiments with a
single blood supply these areas showed ischemic-necrotic
changes. The same type of finding has been observed in
some patients submitted to lung transplantation without
bronchial artery revascularization.14
With the aim of achieving a dual blood supply (inferior
thyroid and bronchial arteries), we devised an original tech-
nique anastomosing the aortic tube to the brachiocephalic
artery. This article describes the application of this new
technique to tracheobronchial transplantation.
Material and Methods
Thirty young male Large White pigs were purchased from Etab-
lissements Cegav (St Marc d’Egrenne, France). The animals
weighed 15 to 25 kg on arrival and were housed and handled in
compliance with the “Guide for the Care and Use of Laboratory
Animals” (http://www.nap.edu/catalog/5140.html). Tracheobron-
chial transplantation was performed in 16 animals. In addition, 7
animals were assigned to the angiographic and anatomic pilot
study, and 7 were assigned to the study of the hemodynamic graft
ex vivo.
In a first series of 5 transplanted pigs, the inferior thyroid artery
was used as the sole vascular pedicle, as previously described
elsewhere.12 However, this pedicle proved insufficient to revascu-
larize the inferior portion of the trachea, the carina, and the stem
bronchi. Therefore a dual revascularization technique, with the
inferior thyroid artery and the bronchial artery, was developed and
tested in 11 animals. The results presented here refer only to the 11
animals in which dual revascularization (aortic tube technique)
was used.
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The animals were premedicated intramuscularly with ketamine
hydrochloride (60 mg/kg) and anesthetized intravenously with
sodium pentobarbital (12.5 mg/kg). After orotracheal intubation,
anesthesia was maintained with inhaled halothane (0.5% to 1%),
and the lungs were ventilated (Siemens, Solna, Sweden) with an
equal mixture of air and oxygen at a tidal volume of 250 mL and
a rate of 20 breaths/min. Peripheral vascular access was accom-
plished by placing a 20-gauge angiocatheter into an ear vein. The
adequacy of ventilation and oxygenation was assessed by arterial
blood gas analysis and pulse oximetry. Continuous monitoring of
cardiac electrical activity was also performed.
En Bloc Cervicomediastinal Harvesting
The harvesting procedure comprised 15 steps. (1) With animals in
the supine position, a midline cervicothoracic incision with total
sternotomy was performed, exposing the cervicothoracic junction.
(2) The platysma muscle, cervical thymus glands with the under-
lying omohyoid, and sternothyroid muscles were excised bilater-
ally. (3) The inferior cervical lymph nodes were removed, and the
triangular retrosternal ligament was sectioned. (4) The mediastinal
thymus gland was excised. (5) The right and left azygos veins were
ligated at their confluence into the superior vena cava. (6) The
internal thoracic, vertebral, and first intercostal arteries and veins
were dissected and ligated. (7) The subclavian and external and
internal jugular veins were isolated at their origins and encircled.
(8) The distal portion of the subclavian artery and the common
carotid artery were isolated and encircled. (9) After intravenous
administration of heparin (3 mg/kg), the superior and inferior
venae cavae were ligated, and the heart was fibrillated with an
electric shock. (10) All previously isolated cervical vessels were
then ligated and divided between ligatures. (11) The superior vena
cava and ascending aorta were transected, and all blood was
aspirated. (12) The inferior vena cava, descending aorta, and the
esophagus were sectioned close to the diaphragm. (13) Sharp
dissection and cauterization were used to achieve the posterior
extrapleural plane. (14) Cervical stage began with an “out-in” side
division of muscular attachments and clipping of the arteries and
venules emerging from the posterior cervical muscles. Finally,
(15) cervicomediastinal (heart-lung block) exenteration was made
after dividing the proximal esophagus and the cricothyroid mem-
brane.
Graft Conditioning
The heart and both lungs were removed, with care taken to prevent
the tiny network of paratracheal and peribronchial vessels from
being injured. Thus the paratracheal and subcarinal lymph nodes
and the thyroid gland were kept in place. After a longitudinal
esophagotomy, we stripped out the mucosa, leaving the muscular
layer in close contact with the membranous trachea.
To construct the aortic tube model (Figure 1), the left antero-
lateral descending aorta was longitudinally opened at the level of
the aortic arch, and the bronchial artery was identified.15 Fabiani
solution (4°C) was retrogradely perfused through the distal right
subclavian artery and through the aortic tube until a good return
through the vena cava was observed. The distal subclavian artery
was tied. The allograft was maintained in cold saline solution
(4°C) before transplantation into the recipient animal.
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The Fabiani solution was made by adding 1626 g MgCl2 6H2O,
0.596 g KCl, 0.136 g procaine chlorohydrate, and 5000 IU heparin
to CP1A (8.59 g NaCl, 0.298 g KCl, 0.294 g CaCl2, 0.345 g
trometalol, HCl as needed to achieve pH 8, and sterile water to
achieve a volume of 1000 mL; Laboratoires Chaix et Du Marais,
Paris, France).
Allograft Transplantation
Cervicotomy was performed, and the brachiocephalic junction was
exposed. The brachiocephalic veins and the superior vena cava
were encircled with tourniquets and left untied. The left carotid
artery was exposed, and silicone loops were placed proximally and
distally in relation to the arteriotomy site. After surgical closure of
the loops to obstruct blood flow, an end-to-side anastomosis (6-0
Prolene suture; Ethicon, Inc, Somerville, NJ) was made between
the aortic tube and the left carotid artery. The silicone loops were
then loosened, allowing recirculation. Graft hemostasis was
checked and perfected. By tightening the tourniquets, a wide
phlebotomy area was established at the confluence of the recipi-
ent’s vena cava and right brachiocephalic trunk. An end-to-side
anastomosis (7-0 Prolene suture) was performed between these
vessels and the donor’s superior vena cava. The graft was posi-
tioned transversely with its posterior wall facing the front. The
donor’s tracheal and bronchial orifices were anastomosed to the
Figure 1. Tracheobronchial transplantation with dual b
longitudinal resection (compatible with brachiocepha
performed 2.5 cm proximally and 2.5 cm distally in relat
suture was used to close patch longitudinally. End-
anastomose aortic tube to brachiocephalic artery at itskin with a 2-0 polyglactin suture (Vicryl, Ethicon). A large
The Journal of Thoracictubular drain was inserted before closing the muscular and skin
planes (2-0 Vicryl).
Postoperative Course and Immune Suppression
The daily regimen was as follows: intramuscular cefotaxime (1 g)
and gentamicin (80 mg), subcutaneous nadroparin (2050 IU), oral
acetylsalicylic acid (100 mg). Fiberoptic examinations and biop-
sies were performed in each of the following sites on postoperative
days 2, 7, 14, and 21: midtrachea, carina, right main bronchus, and
left main bronchus. The animals were killed (barbiturate overdose)
at 3 weeks or in case of extensive graft necrosis.
Immune suppression was induced with intramuscular methyl-
prednisolone (240 mg just before graft reperfusion and 40 mg on
postoperative days 1 and 3), oral azathioprine (2.5 mg/kg), and
intramuscular cyclosporine (Sandimmune; INN: ciclosporin). The
daily dose of cyclosporine was 5 to 10 mg/kg, starting the morning
after the operation. Our goal was to maintain cyclosporine levels
between 100 and 300 ng/mL in total blood. Cyclosporinemia was
checked before administration of a new dose.
Histologic Studies
Tracheobronchial lesions (epithelial dedifferentiation, squamous
metaplasia, ulceration or necrosis) were categorized according to
the following criteria: (1) ischemia (in the absence of inflamma-
supply technique. Aortic width was reduced by 1.5-cm
rtery width). Afterward, cross-section of aorta was
bronchial artery (1). Double running 6-0 polypropylene
d 6-0 polypropylene continuous suture was used to
gin. 2, Thyroid artery; 3, superior vena cava.lood
lic a
ion to
to-en
s orition), (2) acute rejection (when associated with lymphocytic infil-
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presence of polynuclear cell infiltrate into the chorion with leuko-
cytic debris and/or germs). All grafts were submitted to postmor-
tem macroscopic and histologic examinations.
Flow Cytometric Phenotype Analysis
Immunocytometric analysis of peripheral blood lymphocytes was
performed in 6 pigs on days 0, 3, 7, and 21 to assess T-cell subsets
with triple staining with labeled antipig CD3e-CD4a and CD8a
monoclonal antibodies (BD Pharmigen, San Diego, Calif).
Ex Vivo Pressure-Flow Relationship in Isolated
Tracheobronchial Grafts
Tracheobronchial allografts were alternatively cannulated and per-
fused. The perfusion flow rate was increased in a stepwise fashion
Figure 2. Ex vivo tracheobronchial allograft. Alternate perfusion
and clamping yielded the following hemodynamic conditions:
aortic tube cannulation with bronchial and inferior thyroid vas-
cular bed perfusion (1), distal subclavian artery cannulation with
bronchial and inferior thyroid vascular bed perfusion (2), distal
subclavian artery cannulation with thyroid vascular bed perfu-
sion only (3), and aortic tube cannulation with only bronchial
vascular bed perfusion (4).from 0 to 10 mL/min with homologous normothermic blood under
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measured with a Gould transducer (P23ID; Gould Inc, Oxnard,
Calif) connected to the perfusion line. Flow rate was measured
with a transit-time flowmeter probe (model T106; Transonic Sys-
tems Inc, Ithaca, NY) connected in series with the perfusion line.
The recorded perfusion pressures were plotted against flow rate
readings with a commercial software package (Kaleidagraph; Syn-
ergy Software, Reading, Pa).
Statistical Analysis
Data are expressed as mean  SD of the total number of obser-
vations. One-way analysis of variance was used to compare the
pressure-flow curves obtained under different experimental condi-
tions.
Results
Anatomic and Angiographic Studies
We observed that the bronchial artery arrived as a single
vessel from the descending aorta in all but 1 of the pigs
(96%; Figure 3). Cineangiographic images demonstrated
that complete revascularization of the tracheobronchial al-
lograft was achieved with our aortic tube technique (Figure
Figure 3. Ex vivo bronchial arteriography. Descending aorta is
crossclamped at level of isthmus. Lead tetroxide (Minium) is
injected retrogradely in descending aorta. After takeoff from
aorta, bronchial (bronchoesophageal16) artery (1) divides into
carinal (2) and second branch toward inferior part of trachea and
esophagus (3). Small tributary vessel takes off from carinal artery
toward left cranial lobe (4) and forms lateral branch (5) toward
left main bronchus. Positioned directly over carina, carinal (6)
artery further divides into lateral (7) and medial (8) branches
toward right main bronchus and into left medial branch toward
left main bronchus.4).
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No perioperative mortality was observed among the 11
animals operated on consecutively. Donor and recipient
pigs weighed 21.5  3.2 and 23.1  4.3 kg, respectively.
The mean times for harvesting and implantation were 97.4
Figure 4. In vivo selective cineangiographic study 8
Allograft was contrasted (Hexabrix; ioxaglate meglu
through retrograde catheterization by right common fe
between aortic tube and left carotid artery. Graft reva
artery branches (small arrows) and branches origina
indicates right subclavian artery; small arrowhead sho
Opacification of receptor’s superior vena cava can b
contrast medium through aortic tube.
TABLE 1. Histologic evolution and postoperative findings
Pig Day 2 Day 7 Day 14 Day 21
1-443 0 0 0 —*
2-582 1 0 0 0
3-635 0 0 0 0
4-689 0 4 —* —*
5-626 1 0 0 0
6-729 0 0 2 3
7-998 0 0 0 0
8-997 0 0 0 0
9-428 0 4 —* —*
10-523 3 —* —* —*
11-328 1 4 —* —*
Tracheobronchial allografts were assessed according to an arbitrary semi
the epithelium; 2, ischemic necrosis with or without hemorrhage of the
cartilage.
*No histologic examination.
†Technical mishap. 24.4 and 168.3  13.1 minutes, and the mean time of
The Journal of Thoracicischemia was 162  27.3 minutes. The length of the tra-
cheobronchial graft was 17.2  0.9 cm. There was agree-
ment between the findings of tracheal, carinal, and bronchial
biopsies and macroscopic findings in all cases. Table 1
shows the histologic evolution and most relevant postoper-
after tracheobronchial transplantation in pig 7-998.
39.3% and ioxaglate sodium 19.6% injection USP)
l artery. A, Arterial phase shows patent anastomosis
arization is complete, with exuberant inferior thyroid
at bronchial artery (large arrow). Large arrowhead
left subclavian and carotid arteries. B, Venous phase.
arly observed (arrow) after bolus injection of 20 mL
gs submitted to tracheobronchial transplantation
Mucus Postoperative remarks
Present Killed day 14 with normal graft
Present None
Present None
Present on day 4 Postangiography thrombosis on
day 5
Present None
Decreased on day 17 Day 14 with normal graft, ischemic
necrosis on day 21
Present None
Present None
Absent on day 4 Blood transfusion on day 1,
ischemic necrosis, secondary
infection
Absent Venous anastomosis angulation, †
ischemic necrosis
Absent on day 3 Ischemic necrosis, secondary
infection
itative 0 to 4 scale: 0, Normal tracheobronchial wall; 1, isolated lesions of
on; 3, ischemic necrosis of the submucosa; 4, ischemic necrosis of thedays
mine
mora
scul
ting
ws
e clein pi
quant
choriative findings in transplanted animals.
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(4°C) were colorless after perfusion with an organ preser-
vation solution. Immediately after recirculation, exuberant
revascularization was observed in all animals, and the mu-
cosa turned pink (Figure 5). The final portion of the trachea
and two bronchi showed bleeding on the edges (with thin
streams of blood flowing out of small arteries). Figure 6
clearly shows the quality of revascularization in the carinal
region.
Seven pigs (64%) had normally epithelialized mucus-
producing allografts with correct morphologic conformation
and cartilage viability on day 14. One pig (1-443) was killed
on day 14. Of the 6 remaining animals, 5 recovered nor-
mally until the 21st postoperative day, but 1 (6-729) showed
a pale and dry graft, clearly contrasting with previous
macroscopic findings. This pig demonstrated a gradual
decrease in CD3 T cell levels concomitant with an
increase in CD3 B cells on day 21, characteristic of late
rejection.
Four animals (36%) had early severe necrosis develop as
a result of arterial thrombosis after intense angiographic
manipulation (1 case), venous axis angulation resulting
from a technical mishap (1 case), and acute rejection (2
cases, pigs 9-428 and 11-328). This acute graft rejection
was evidenced by an increased CD4/CD8 ratio (Figure
6), and the pigs were killed on day 7 with necrotic allo-
grafts. The first animal showed a sudden rise in CD4CD8
level (205 cells/mm3 on day 0, 1399 cells/mm3 on day 3); in
the second animal, the most important finding was a pro-
gressive increase in the CD3CD4CD8 cytotoxic subset
( cells) level (402 cells/mm3 on day 0, 1557 cells/mm3 on
day 3, 1772 cells/mm3 on day 7).
A decrease or value below 0.6 in the CD4/CD8 ratio
was consistently observed in all animals featuring healthy
Figure 5. Perioperative exposure of carinal region. Note rich
submucosal vascular plexus and hemorrhagic tracheal border.allografts on histologic examination (Figure 6).
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Of the 11 animals 6, among which were the 2 cases of acute
rejection, were submitted to flow cytometric analysis. Fig-
ure 7 shows the findings concerning CD4/CD8 ratio.
Ex Vivo Pressure-Flow Relationship in Isolated
Tracheobronchial Grafts
Perfusion by both the subclavian artery and the aortic tube
demonstrated lower vascular resistance in the territory sup-
plied by the bronchial artery than in the territory supplied by
the inferior thyroid artery (P  .12, not significant). Resis-
tance was significantly different in the graft as a whole from
the bronchial artery territory (P  .013) and the inferior
thyroid artery territory (P .005). Ex vivo tracheobronchial
allografts showed reproducible pressure-flow curves (Figure
8).
Discussion
As a development of our previous studies, and to ensure the
Figure 6. Histologic appearance of tracheobronchial graft (pig
8-997) on day 21, with well-differentiated epithelium (top) and
mononuclear infiltrate around submucosal glands and vessels
(lower left corner).viability of the entire trachea, carinal region, and stem
e 2004
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that aligned in the same vascular axis the bronchial artery
and the inferior thyroid artery (Figure 1), enabling complete
tracheobronchial revascularization. In human beings, the
inferior thyroid artery has been shown to be sufficient to
Figure 7. CD4/CD8 ratio in peripheral blood in 6 pigs
below 0.60 is observed in pigs with good immunosupp
Figure 8. Pressure-flow linear curves and vascular re
comparisons were made: 1 vs 3, P < .013; 2 vs 4, P <revascularize on average 6.5  1.1 cm of the superior
The Journal of Thoracictracheal tissue.16 Also, with the use of the right inferior
thyroid artery, we have already shown the feasibility of
transplanting the cervical and uppermost intrathoracic tra-
chea (9.75  1.5 cm) in the pig.12
The number of bronchial arteries varies among species
17
termined by pig-specific monoclonal antibodies. Ratio
ion. CD4, Helper T cells; CD8, cytotoxic T cells.
nce in ex vivo tracheobronchial allografts. Following
; 3 vs 4, P < .12.as de
resssistaand individuals. In human beings, three or more bronchial
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been known that bronchial artery revascularization is the
best way ensure good healing of tracheal and bronchial
anastomoses after lung transplantation.19,20 An aortic patch
including the bronchial artery was implanted by Mills and
coworkers20 in the aortas of recipient dogs during left lung
transplantation. They observed bronchial anastomotic ne-
crosis and dehiscence in cases of bronchial artery occlusion.
We made similar observations after postangiography aortic
tube thrombosis in 1 pig. Laks and colleagues21 have al-
ready demonstrated the efficacy of an aortic segment en-
compassing the bronchial arteries to heal airway anastomo-
ses in a primate model.
Our main challenge in this study was to construct a
bronchial artery pedicle coupled with the inferior thyroid
artery axis. Current bronchial artery revascularization tech-
niques in lung and heart-lung transplantation include saphe-
nous vein22 or internal thoracic artery23 bypass anastomoses
with the origins of the bronchial arteries located in the aortic
patch. In addition, sequential anastomoses are stimulated to
achieve complete bronchial artery revascularization.24
Meanwhile, surgical expertise in lung transplantation with-
out bronchial artery revascularization has been directed
toward shortening of donor bronchus, because it appears
less vulnerable to the absence of systemic blood supply than
are the trachea and proximal main bronchi.25
The heterotopic model is remarkable because it allows
daily inspection and cleaning of mucus, as well as the
performance of bronchoscopic biopsies without respiratory
distress. Our work confirmed that mucus production de-
pends on good vascularization.26
The advantages of cryopreservation relative to pharma-
cologic immune modulation to prevent an allogeneic re-
sponse have recently been challenged.27 However, it is true
that cryopreserved allografts wrapped in omentum present
weak activation of host lymphocytes.28 Differently, in our
tracheobronchial allograft, a large surface area of antigenic
donor epithelium and mixed glandular tissue (both express-
ing HLA class II subregion genes29) interacted immediately
with the recipient’s blood after recirculation. Thus failure of
immune suppression led to subepithelial thickness, mono-
nuclear vasculitis, and thrombosis.
Ex vivo tracheobronchial allografts had never before
been studied. We showed that resistance was lower in the
bronchial vascular bed than in the inferior thyroid vascular
bed. This could be related to the bronchopulmonary con-
nections. Graft recirculation allowed us to observe bleeding
from portions of the pulmonary veins, indicating anastomo-
sis between the bronchial and pulmonary circulations, as
already reported in human beings.30 Vasa vasorum of the
pulmonary artery connecting to bronchial artery branches
has been observed in pigs.31 Our experiment corroborates
these findings.
1600 The Journal of Thoracic and Cardiovascular Surgery ● JunCircumferential resection with primary tension-free
anastomosis is not possible in stenotic lesions longer than 6
cm. Additionally, recurrence causes tissue fixation and turns
a second failure into an extremely delicate situation in
which the outcome may be a permanent tracheostomy.32
Patients with an existing mediastinal tracheostomy may also
be rehabilitated by coupling laryngeal transplantation3 with
subtotal (based on the inferior thyroid artery) or complete
(aortic tube technique) main airway transplantation. This
study describes an experimental model of tracheobronchial
revascularization, not a clinically relevant tracheal trans-
plantation technique.
In short, bronchial artery supply was a sine qua non to
ensure the viability of the inferior trachea, carina, and stem
bronchi. As demonstrated, our original dual blood supply
technique provided sufficient blood supply to these areas.
We thank all persons who work in the CCML Surgical Labo-
ratory, especially Benoıˆt Decante, Nadia Sedjoro, Maıˆte Ghienne,
Frederic Seccatore, He´ge´sipe Langouste, and Bruno Baudet, for
their technical contributions.
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